In this study, the corrosion protection provided by films of self-assembled molecules on the AA 2024-T3 aluminum alloy has been evaluated by electrochemical and non electrochemical techniques. ) and sodium hydroxide (0.1 mol L -1 ) as the electrolyte. SAM films obtained were analysed by infrared spectroscopy and SAM was found in surface. Surface observation by scanning electron microscopy (SEM) showed that the trivalent chromium layers ere deposited on metal surface. The results show that the surface treatment with self-assembled molecules provides protection against corrosion of the AA 2024-T3 aluminum alloy.
INTRODUCTION
Interactions between molecules and surfaces are frequently studied aspects in the area of modern surface science. These interactions are highly dependent on the chemical nature of the molecules and range from weak, as observed, for example, in n-alkane adsorbed on gold or graphite [1] , to interactions that are strong enough to break chemical bonds within the molecule itself, for example, ethylene on platinum [2] . A molecule-substrate interaction of great relevance is the spontaneous organization of atoms and molecules on a surface into ordered arrays, in particular, the spontaneous organization (self-assembling) of surfactant molecules adsorbed on the surface of a transition metal. The number of Investigations with self-assembling molecules has rapidly increased, due to the ability of these structures to modify the chemical and physical properties of surfaces.
The notion of organized molecules or highly ordered structures is not new [3] ; examples of ordered atoms and molecules have been shown in biology, chemistry and physics. In the context of surface chemistry, however, it is important to mention that amphiphilic molecules, spontaneously organized and assembled on metal surfaces, are only sub-points of semi-organized films that have been reported and characterized. Amphiphilic molecules can organize themselves on a variety of interfaces, such as liquidliquid, liquid-air, liquid-solid and solid-air interfaces [4] .
Self-Assembling Molecules (SAM) have been described [5, 6] as molecular aggregates organized with a specific affinity for metal surfaces, interacting with the surface by adsorption. Historically, the use of selfassembling molecules on solid electrodes was firstly described by Sagiv and Maoz et al. [7] that produced organized monolayers via a silanization process. These authors demonstrated that alkyl-trichlorosilane on polar surfaces, for example, those with hydroxyl groups, leads to the formation of organized monolayers chemically bound to the surface. Since then, silanization has been widely used as a means of electrode surface modification. Thus, it has become common to combine the Sagiv approach with silanization procedures for assembling monolayers organized on different active surfaces, such as SnO 2 or Al 2 O 3 , and numerous studies have adopted this method [8, 9] .
The use of self-assembled layers has grown steadily over the past years [10, 11] . While a wide variety of functionalized alkanes and metal surfaces have been examined, the most commonly used and studied system is undoubtedly thiols on gold surfaces [12, 13] . The last decade, the SAM use as corrosion inhibitors has been proposed [14-19-22] .
Surface treatments with self-assembling molecules for corrosion protection of aluminum and its alloys have also been evaluated as potential replacements for hexavalent chromium in chromating processes [19, 23] . The purpose of these studies was to evaluate whether the surface layer formed can inhibit corrosion by acting as a physical barrier between the aggressive medium and the metal surface. In particular, for aluminum or aluminum alloys, the self-assembling molecules used are based on alkane-diphosphonates. It is known that alkane-diphosphonates have high affinity for aluminum oxide; however, the interaction between the oxide and the self-assembling molecules is not always strong enough to resist corrosion reaction products.
In this context, this study aims to evaluate the effect of self-assembled molecules on the corrosion protection of the AA 2024-T3 alloy and to compare the results with those obtained from chromate conversion coatings obtained in solutions with trivalent chromium.
METHODS AND MATERIALS

Preparation of the AA 2024-T3 aluminum samples
The surface of the AA 2024-T3 aluminum alloy investigated in this study was prepared by grinding with SiC emery paper, sequentially from #600 to #1200, followed by degreasing with ethanol in a sonicator, rinsing with water and drying under a hot air stream. The composition of the investigated alloy is shown in Table 1 . 
Conversion coating treatment with solution of trivalent or hexavalent chromium
Chromating conversion treatment with trivalent chromium was carried out by immersion of AA 2024-T3 alloy samples for 2 minutes in a 20% (v/v) solution of 650 Chromical TCP (SurTec) at 40 °C, followed by drying under a hot air stream. Conversion coating with hexavalent chromium film was also performed by immersion of the aluminum alloy samples for 3 minutes in a 20 g/L solution of 653 Chromical TCP (SurTec) at 40 °C, also followed by drying under a hot air stream.
Electrochemical characterization
Electrochemical characterization of the untreated and surface treated aluminum alloy samples was accomplished by exposure of a surface area corresponding to 1 cm A three-electrode experimental set-up was used with a platinum wire as the counter electrode, a mercurous sulfate electrode Hg/Hg 2 SO 4 (MSE) as the reference electrode and an electrode prepared with the AA 2024-T3 aluminum alloy as the working electrode. The electrochemical tests used for corrosion evaluation of the untreated or surface treated samples were open circuit potential measurements as a function of time, electrochemical impedance spectroscopy (EIS) and potentiodynamic anodic polarization. EIS measurements were performed using a frequency response analyzer (Gamry model EIS 300®) coupled to a Gamry PCI 4/300® potentiostat in the frequency range from 10 kHz to 10 mHz, with a perturbation amplitude of 10 mV (rms) and a data acquisition rate of 10 points per decade. Anodic polarization curves were obtained with a scan rate of 1 mV s -1 .
Scanning electron microscopy
The aluminum alloy surface was observed by scanning electron microscopy (SEM) using a Philips XL30 microscope, prior to and after anodic polarization tests, to assess the effects of the surface treatments on the alloy corrosion resistance.
Infrared spectroscopy
Infrared (IR) spectra of the SAM powder, the 90 mg L -1 SAM solution, the SAM surface treated and the untreated AA2024 T3 alloy were obtained with a Nicolet IR 200 spectrophotometer. The infrared spectrum corresponding to the powder of the alkane-diphosphonate molecules used shows a band near 800 cm -1 , which is characteristic of the vibration of vP-C [21] bonds, associated to phosphorus attached to the carbon present in the molecules. For higher wave numbers, between 1,135 and 1,350 cm -1 , there are three other bands related to the vibration of the υP=O [24] bond, and this vibration is characteristic of phosphonic compounds. Other bonds are present in these molecules and are characterized by vibrations in the regions of higher wave numbers, as in the case of vibration of the υP-H and vOH bonds, which have characteristic bands in the regions of 2,400-2,450 cm -1 and 2,575-2,800 cm -1 [24] , respectively. In the spectrum presented in Figure 1 , this band appears close to 2,500 cm -1 . The band observed at 3,000 cm -1 is characteristic of symmetrical and asymmetrical stretching of C-H bonds in saturated carbon chains.
Comparison of the spectrum of SAM as powder with that for the SAM treated surface, shows the same vibration bands on either, solid or adsorbed SAM. SAM adsorbed on the surface of the AA 2024-T3 alloy is indicated by the spectral vibration bands of υP-C bonds at 800 cm -1 and that of υP=O at 1,135-1,350 cm -1 . These bands for the SAM surface treated samples are less strong, indicating that the adsorption of SAM on the aluminum alloy changes the vibration array of these molecules.
Scanning electron microscopy
Scanning electron microscopy (SEM) analysis and energy dispersive spectroscopy (EDS) measurements were accomplished at different regions of the aluminum alloy surface and the results are presented in Figure  2 . A large number of precipitates can be observed, mainly the Mn-rich and Mg-rich ones, containing Al, Fe and Cu in their compositions. The surface of the SAM-treated AA 2024-T3 alloy was also evaluated by scanning electron microscopy, as Figure 3 shows. Corrosion attack is observed mainly associated to small Mg-rich precipitates which are more active than the aluminum alloy matrix. The attack is favored in the SAM solution used which is acid (pH = 3.2) and corrosive for the surface at the more susceptible areas. SAM was identified on the AA 2024-T3 surface, as Figure 4 shows; as clusters, corresponding to the darker areas, showing a heterogeneous distribution on the surface. A peak corresponding to phosphorus is seen associated to the SAM molecules, whose molecular formula is of the type [PO(OH) 2 -(CH 2)n-PO(OH) 2 ].
The surfaces of the AA 2024-T3 alloy, treated with either trivalent or hexavalent chromium conversion coating were also observed by SEM and analyzed by EDS, and the results are shown in Figures 5 (a) and (b) , respectively. The surface films formed on both types of solution shows despite of being very thin (order of nanometers) impairing their analysis by EDS [25] . however, a larger period of time is required for potential stabilization of SAM treated samples than for the untreated ones. Much higher stable potentials were obtained for the SAM treated alloy, as compared to the untreated samples. The corrosive character of the SAM solution towards the aluminum alloy leading to attack of active precipitates at the surface and, eventually, their detachment, must explain this result. It was observed that for aluminum sample SAM coated potential shifts to more positive values suggesting a higher corrosion resistance of the material with SAM. Electrochemical impedance spectroscopy (EIS) measurements, performed after potential stabilization, are shown in Figure 7 for the untreated and SAM-treated samples. Nyquist diagrams show flattened capacitive arcs for both types of surfaces but the SAM treatment led to higher impedances comparatively to the untreated one. A clear separation of two time constants is indicated in the Bode phase angle diagrams of the treated samples, whereas the presence of a shoulder is suggested in the diagram of the untreated ones. It is proposed that the time constant at higher frequencies is due to the aluminum oxide film, whereas that between 10 and 1 Hz, is due to charge transfer processes in parallel with the charging of the double layer. Although aluminum oxide obtained by anodizing has a duplex character, consisting of an inner compact layer and an outer porous layer [26] , and their individual contributions being identified by EIS tests, it is very difficult to separate the contribution of each individual layer by EIS of very thin alumina films, such as those formed under the conditions adopted in this work.
Electrochemical results for SAM surface treated samples
For the SAM-treated aluminum alloy the two time-constants are clearly separated and the results suggest a more protective surface film and charge transfer processes with slower kinetics. Figure 8 shows the EIS diagrams for the AA 2024-T3 alloy after surface treatment with trivalent chromium. The Nyquist diagrams show one capacitive arc and high impedance values (order of 10 6 Ohm.cm 2 ) suggesting the presence of a highly protective passive film. The diagrams were fairly stable from 24 to 144 hours of immersion, indicating the high stability of this film on the aluminum alloy in the test solution used.
Surface treatment with trivalent chromium
The Bode phase angle diagrams suggest at least two time constants with that at frequencies in the range from 10 to 1 kHz related to the chromate layer; whereas that at frequencies from 10 to 1 Hz is associated with charge transfer processes. It is noteworthy that the time constant at lower frequencies shifts to lower frequencies and the related phase angles to higher values with increasing immersion time, indicating an improvement in protection of the aluminum alloy as time in the sulphate solution progresses, likely due to the precipitation of corrosion products on the defects of the chromate layer.
(a) (b) Figure 9 compares the potentiodynamic anodic polarization curves for untreated and SAM-treated samples. Lower current densities and a shift in the corrosion potential to more positive values, were associated to the SAM-treated samples. Although SAM adsorption usually leads to polarization of the cathodic reaction by hindering the access of oxygen into the metallic interface, this results shows that polarization of the anodic reaction also occurs. This must be related to the attack and removal of precipitates which are more active than the matrix leading to a "cleaner" surface. Passive film breakdown for the SAM-treated sample also occurred at nobler potentials (-0.490 V MSE ) than for the untreated alloy two breakdown potentials were observed, being the first one at 1.2 V MSE and after repassivation on -0.790 and second V MSE , suggesting that the oxide is less stable in the absence of SAM. Besides, after the passive film breakdown, lower current densities were associated with the samples treated with SAM. This result suggests that adsorbed molecules remained on the surface after localized passive film breakdown. The lower amount of precipitates on this type of sample is also responsible for the higher resistance to localized attack. Figure 10 compares the anodic polarization curves of AA 2024-T3 treated with trivalent or hexavalent chromium ions. Very low current densities, typical of passive films were obtained for samples treated with hexavalente chromium, in the whole passive range, showing the higher resistance of the film formed by this treatment. Current densities typical of passive materials were obtained for both tested samples. However, rates obtained for Cr 3+ were higher than those obtained for Cr 6+ coating, suggesting that the latter promotes higher corrosion resistance to the aluminum alloy.
Anodic polarization curves
This behavior shows that the hexavalent chromium layer is more stable. The coating stability can be observed by the micrographs of Figure 13 . It can be seen that the Cr 3+ coating is more porous than Cr 6+ plated. Additionally, it can be observed that the Cr 3+ coating is more reactive because, after the anodic polarization that has been attacked and dissolved aluminum surface. 
Scanning electron microscopy after polarization tests
After polarization tests, the tested alloy surface was observed by SEM. Figure 11 shows the removal of small precipitates; mainly the Mg-rich types, but a large number of precipitates remain on the surface. The literature [27] reports the microstructural characteristics of the AA2024-T3 alloy, and the different activities of its precipitates. The surface of the SAM treated AA2024 alloy was also observed after polarization in 0.5 mol L -1 Na 2 SO 4 solution, as Figure 12 shows. The detachment of a large number of small precipitates is observed but clusters of SAM are also seen on the surface after polarization, explaining the lower current densities after film breakdown, which was associated to this type of samples. 
CONCLUSIONS
From the results of infrared was possible to determine the presence of the SAM molecules on the aluminum surface, because characteristic bands were detected. The open circuit potential show the corrosive character of the SAM solution towards the aluminum alloy leading to attack of active precipitates at the surface and, eventually, their detachment, must explain this result. It was observed that for aluminum sample SAM coated potential shifts to more positive values suggesting a higher corrosion resistance of the material with SAM.
The treatment of the AA 2024-T3 alloy with self-assembling molecules (SAM) resulted in a surface with higher impedances and associated to lower current densities compared to the untreated alloy. Nevertheless, the molecules are not uniformly distributed on the surface but are strongly attached to the surface remaining on it after polarization. The conversion coating treatment with trivalent chromium resulted in a surface with high corrosion resistance.
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